We present an experimental study of an axisymmetric turbulent fountain in a two-layer stratified environment. Interacting with the interface, the fountain is observed to exhibit three regimes of flow. It may penetrate the interface but nonetheless return to the source where it spreads as a radially propagating gravity current; the return flow may be trapped at the interface where it spreads as a radially propagating intrusion or it may do both. These regimes have been classified using empirically determined regime parameters which govern the relative initial momentum of the fountain and the relative density difference of the fountain and the ambient fluid. The maximum vertical distance travelled by the fountain in a two-layer fluid has been theoretically determined by extending the theory developed for fountains in a homogeneous environment. The theory compares favourably with experimental measurements. We have also developed a theory to analyse the initial speeds of the resulting radial currents. The spreading currents exhibited two different flow regimes: in the constant-velocity regime the initial front position, R, scales with time, t, as R ∼ t; in the inertia-buoyancy regime, R ∼ t 3/4 . These regimes were classified using a critical Froude number which characterized the competing effects of momentum and buoyancy in the currents.
INTRODUCTION
Turbulent, forced plumes in both homogeneous and stably stratified ambient fluid have received considerable attention in part due to their environmental impact in such areas as the disposal of sewage in the ocean and in lakes, volcanic eruptions into the atmosphere and emissions from chimneys and flares. Recently, the dynamics of plumes and fountains in enclosed spaces have been studied in order to improve the efficiency through which rooms are heated and cooled (Lin & Linden (2004) ).
Forced plumes are characterized by the competing effects of buoyancy and momentum in the flow. In positively buoyant plumes, the buoyancy and momentum are both in the same direction with buoyancy becoming more dominant at larger distances away from the source. Negatively buoyant plumes, or fountains, are formed either when dense fluid is continuously discharged upward into a less dense fluid or when less dense fluid is injected downward into a more dense environment. In either case, buoyancy opposes the momentum of the flow until the fountain reaches a height where the vertical velocity goes to zero. The fountain then reverses direction and falls back upon the source.
Positive and negatively buoyant plumes have been examined theoretically and experimentally as they evolve in homogeneous and in linearly stratified environments (Priestley & Ball (1955) , Morton (1959b) , Turner (1966) , Abraham (1963) , Fischer et al. (1979) , List (1982) , Rodi (1982) , Bloomfield & Kerr (2000) ). Most of this effort was directed at quan-tifying the width of the fountain, the initial and final heights (or penetration depths) and the entrainment into the fountain.
Fountains in a two-layer stably stratified environment has received relatively little attention despite its fundamental nature and its potentially practical significance. A ventilated room can naturally form a two layer-stratification and it is of interest to know how cold air injected from below mixes in this environment. Jets and fountains in twolayer ambient have also been reported in the situation of refueling compensated fuel tanks on naval vessels (Friedman & Katz (2000) ). The thermocline in lakes and oceans and atmospheric inversions can be modelled approximately as the interface of a two-layer fluid (Mellor (1996) ), and plumes and fountains can result from the release of effluent into these environments (Rawn et al. (1960) , Noutsopoulos & Nanou (1986) ).
In particular, this research is motivated in part as the first stage of a program to understand the evolution of pollutants from flares that disperse in the presence of an atmospheric inversion. Atmospheric inversions, known for their strong vertical stability, can trap air pollutants below or within them near ground level and so have adverse effects on human health. Hazardous industrial materials that are released into the atmosphere usually form clouds that are heavier than the atmosphere (Britter (1989) ). Both Morton (1959a) and Scorer (1959) have applied available mathematical concepts of plume theory to study the dispersion of pollutants in the atmosphere but ignored the effects of an inversion.
Here we present an experimental study of an axisymmetric fountain impinging on a density interface in a two-layer stably-stratified environment. As in homogeneous environments, the fountain comes to rest at a maximum height after using up its initial momentum and then reverses direction interacting with the incident flow.
In a two-layer fluid, however, the reverse flow can either return to the level of the source or it can become trapped at the density interface. In either case the return flow then goes on to spread radially outward. We wish to develop a better understanding of the flow through measurements of maximum penetration height, quasi steady-state height and radial spreading rate.
There are few experimental studies on fountains in a two-layer environment. Kapoor & Jaluria (1993) considered a two-dimensional fountain in a two-layer thermally stratified ambient. They provided empirical formulas for the penetration depths in terms of a defined Richardson number.
Some have considered a jet directed into a two-layer ambient with the initial density of the jet being the same as the density of the ambient at the source (Shy (1995) ; Friedman & Katz (2000) and Lin & Linden (2005) ). Those jets only become negatively buoyant in the second layer. Noutsopoulos & Nanou (1986) , studied the upward discharge of a buoyant plume into a two-layer stratified ambient and used a stratification parameter that depended on the density differences in the flow to analyse their results.
One outstanding question concerns whether the reverse flow has a significant effect on the axial velocity and density. By measuring temperatures in a heated turbulent air jet discharged downward into an air environment, Seban et al. (1978) showed that the centerline temperatures and the penetration depth can be well predicted by constant property theories for the downward flow alone. Mizushina et al. (1982) did a similar study of fountains by discharging cold water upward into an environment of heated water and found that the reverse flow had an effect on the axial density measurements.
These experimental results have served only modestly to improve our understanding of the dynamics of the reverse flow. A theoretical study aimed at incorporating the reverse flow was first undertaken by McDougall (1981) who developed a set of entrainment equations quantifying the mixing that occurs in the whole fountain. The ideas developed in the model of McDougall (1981) have recently been built upon by Bloomfield & Kerr (2000) by considering an alternative formulation for the entrainment between the upflow and the downflow. Their results for the width of the whole fountain, the centerline velocity and temperature compared favourably with the experiments of Mizushina et al. (1982) .
An important requirement for studying the dispersion of dense gases in the atmosphere is a knowledge of the distribution of the concentration as a function of space and time (Britter (1989) ) and how fast the spreading pollutants are moving from a particular location. The usual approach to obtaining information on fluid concentrations in experiments is by extracting samples from the flow. This is quite difficult and has led to the introduction of a relatively new approach of laser-induced fluorescence (LIF). This is however limited to unstratified environments due to problems with refractive index fluctuations (Daviero et al. (2001) ). In this study, we wish to extract information on the concentrations of the radial currents using velocity measurements.
In section 2, we review the theory for fountains in a one-layer environment and extend it to the two-layer case. In section 3 we develop the theory for the axisymmetric spreading of currents from fountains. In section 4, we describe the set-up of the laboratory experiments and the techniques used to visualize the experiments, and we present their qualitative analyses. In section 5, quantitative results from the experiments are presented. We analyse the classification of the regimes of flow and compare the measured maximum penetration height and spreading velocities to theoretical predictions. In section 6, we summarize the results.
THEORY: PENETRATION HEIGHT
The following theory is developed for fountains in which heavier fluid is injected upward into less dense environment. However, in a Boussinesq fluid, for which the density variations are small compared with the characteristic density, the direction of motion is immaterial to the equations governing their dynamics.
The maximum height in a one-layer ambient
The conventional and most widely used approach to solving problems of turbulent buoyant jets is by using the conservation equations of turbulent incompressible flow and employing the Boussinesq and boundary layer approximations. The resulting equations are typically solved by using the Eulerian integral method (Turner (1973) ). Here a form is first assumed for the velocity and concentration profiles of the plume. This could either be the Gaussian profile or the top-hat profile. The equations are then integrated over the plume cross-section and the assumed profiles are substituted. The result is three ordinary differential equations (ODEs) which may be solved analytically or numerically. However, an assumption has to be made to close the system of ODEs. This could either be the entrainment assumption introduced by Morton et al. (1956) , or the spreading assumption introduced by Abraham (1963) .
An alternative approach is the Lagrangian method in which a material volume in the plume is followed in time (Baines & Chu (1996) , Lee & Chu (2003) ). The solutions are much simpler to obtain and interpret and they give very good agreement with the Eulerian integral method.
We give a brief review of the Lagrangian method for a fountain in a uniform ambient. Newton's law is applied to a material volume such that the rate of change of the vertical momentum of the plume element is equal to the buoyancy force:
where M and F o are the momentum and buoyancy flux respectively. Explicitly, assuming a top-hat-shaped plume of radius r and mean vertical velocity w, M = πr 2 w 2 and
is the reduced gravity, r o is the source radius, w o is the average vertical velocity at the source, ρ a is the ambient density, ρ is the density of the fountain at a given height and ρ f is a reference density taken as the initial density of the fountain. We apply the spreading hypothesis which assumes that dr/dz = β, where β is a constant spreading coefficient (β ≈ 0.17 (Baines & Chu (1996) )). The buoyancy flux F o is constant in a uniform ambient. Thus we get the following relations for the radius, r, height, z, volume flux, Q = πr 2 w, and momentum flux, M , of the fountain as a function of time, t:
3)
o is the momentum flux at the source. At the maximum height the momentum goes to zero, so that from (2.5) we get the time taken to reach the maximum depth as
Substituting equation (2.6) into (2.3) we get the maximum penetration height of the fountain:
where
≈ 2.10. This formula was also obtained by Turner (1966) 8) in which C = 8/(3β) ≈ 3.96. As expected, equation (2.4) predicts that the volume flux decreases to zero at the maximum height. Upon reaching the maximum height, the fountain reverses direction interacting with the incident flow. The interaction between these two opposing fluids inhibits the rise of the incident flow to the initial height and so it settles at a quasi steady-state height, Figure 1 . Schematic of a fountain in a two-layer ambient.
z ss . The theory above can not be used to predict the final height, however, experimental measurements show that z ss ≈ 0.70z max (Turner (1966) ).
The return flow continuous to fall until it reaches the level of the source where it redirects from a vertical flow to a radial current. There are no experimental studies on these radial currents. However, it has been observed that the height of the radial currents is proportional to the maximum height (Baines et al. (1990) ).
The maximum height in a two-layer ambient
To obtain the maximum height in a two-layer ambient, we first calculate the centerline fluxes at the interface using equations (2.2)-(2.5) (see figure 1). Then we calculate the buoyancy flux, F i , of the fountain above the interface, using the approach of Noutsopoulos & Nanou (1986) (see Appendix A). Finally, using F i , we calculate the depth of the virtual origin below the interface, z vi , following the method of Morton (1959b) (see Appendix B) . This approach results in the following formula for the maximum depth
is the density, r i is the radius and w i is the velocity of the fountain at the interface, and H is the distance of the source from the interface. The second and third terms in equation (2.9) estimate the maximum height of the fountain from the interface. If the fountain penetrates little beyond the interface, the second term may be less than z vi . The best estimate for the maximum height in such a case should be z max,2 ≈ H. The buoyancy flux above the interface may also be obtained as F i = g bi Q i , where g bi = g(ρ 2 − ρ i )/ρ o is the reduced gravity of the fountain above the interface and Q i = πr 2 i w i is the volume flux at the interface. We compare this result to the theoretical solution of Abraham (1963) who obtained the following approximate analytic solution for the penetration of a turbulent buoyant jet moving into an environment consisting of a series of layers of different densities:
and the empirical constant µ ≈ 0.8 (Abraham (1963) ). This derivation was done by assuming Gaussian profiles of the flow quantities unlike the top-hat approach considered in this study.
Similar to the one-layer case, the interaction of the incident and reverse flows inhibits the incident flow from reaching the maximum height and thus settles at a quasi steadystate height, z ss,2 . Unlike the one-layer case, the return flow may intrude on the interface or continue to the level of the source. Our experiments show that the ratio of the steadystate height to the maximum height depends on whether the return flow went back to the source or collapsed at the interface (see section 5.2).
The most significant factors governing these flow regimes are the relative density differences between the two layer and fountain and the maximum height relative to the height, H, of the layer at the source. Explicitly, the relative density differences are characterized by 11) and the relative maximum height is characterized by z max /H. θ = 0 if ρ 2 = ρ 1 , in which case the ambient is a one-layer fluid and the fountain must return to the source. The same circumstance is expected if z max < H since the fountain does not reach the position of the interface. θ = 1 if ρ 1 = ρ o , in which case the flow does not act like a fountain until impacting the second layer. No experiments were conducted for this case, but the interested reader may refer to the studies by Shy (1995) , Friedman & Katz (2000) and Lin & Linden (2005) . Given that the jet penetrates the interface (z max > H), the resulting fountain will be expected to return to spread along the interface since the fountain entrains less dense fluid from beyond the interface and therefore becomes lighter than the ambient fluid at the source.
Irrespective of the regime that occurs, the flow goes on to spread as a radial current.
THEORY: SPREADING VELOCITIES
In the following, we derive a theory to analyse the velocities of the spreading currents at the source and the interfacial intrusions. We consider only the radial velocities at the radius of the whole fountain where the return flow redirects from a vertical to a horizontal flow.
There are three cases to be considered. We first consider the theory for the spreading velocities of the currents at the source in the one-layer case and then extend it to examine source-spreading of fountains in two-layer fluids. The velocities of radial intrusions at the interface of a two-layer fluid is considered as a third case.
3.1. Case 1: one-layer source-spreading Figure 2a is a schematic showing the spreading of the currents at the source from a fountain in a one-layer environment. Baines et al. (1990) modelled the return flow of a turbulent fountain as an annular plane plume and obtained a formula for the total lateral entrainment into the reverse flow as
where B ≈ 0.25 was obtained as an experimental constant and z v is the distance of the virtual origin below the source (z v ≈ 0.8 cm for our experiments). Thus, the total volume flux at the level of the source, just as the flow begins to spread outward is given by
If v f is the initial spreading velocity at a radial distance R f , where R f is the radius of the return flow at the source, and h is the height of the spreading layer, then
Defining g T = g(ρ 1 − ρ s )/ρ o to be the reduced gravity and ρ s to be the initial density of the spreading layer at r = R f , dimensional analysis gives, for a buoyancy-driven flow, a relationship of the form v f ∝ g T h. Using (3.3) we get Mizushina et al. (1982) show that the radius of the whole fountain is approximately constant and is about 22% of the quasi-steady state height, z ss . Just before the return flow begins to spread into the ambient, conservation of buoyancy flux in the fountain requires that at the level of the source
Thus, from (3.4) and (3.5) we get
This formula may also be obtained via scaling analysis. By balancing the driving buoyancy force which scales as g T ρ s Rh 2 , and the retarding inertia force which scales as ρ s hR 3 /t 2 , Chen (1980) obtained the position of the front, R, as a function of time, t, as R(t) = cF 1/4 o t 3/4 (where c = 0.84 was obtained as an experimental constant), thus the velocity, v, is given by
where the global volume conservation relation, Q T t = πR 2 h, has been employed. The scaling relationships above assume that the flow is a pure gravity current, its motion being dominated by buoyancy forces. In the presence of substantial radial momentum at the point where the flow enters the environment, dimensional analysis shows that at small times compared with the characteristic time scale t MF = M R /F R (in which M R is the radial component of momentum flux and F R is the radial buoyancy flux), the flow is dominated by momentum such that Chen (1980) ), so that
The recent study by Kotsovinos (2000) for constant-flux axisymmetric intrusions into a linearly stratified ambient revealed a constant-velocity regime where R ∼ t. Kotsovinos (2000) argued that the additional force driving the flow in such cases is the initial radial momentum flux (ρ s M R ). This corresponds to times when both momentum and buoyancy are comparable in the flow (t ≈ t MF ). Thus, balancing the kinematic momentum flux and the inertia force which scales as ρ s hR
In theory, the relations in equations (3.6) and (3.7) correspond to larger times within the inertia-buoyancy regime when the flow is purely driven by buoyancy. The radial component of momentum is unknown a priori; however, due to the loss in momentum by moving from a vertical flow to a radial current, we assume that the initial radial momentum flux, M R , is proportional to the momentum flux of the return flow at the level of the source, M ret , and defined as 10) where w ret is the velocity of the return flow at the level of the source. The results of Bloomfield & Kerr (2000) show that the reverse flow of the fountain moving back toward the source first accelerates to some height before settling to an almost constant velocity close to the source. Their results also suggest that at the source, the velocity of the return flow is such that
In summary, if the radial momentum of the initial flow is substantial, then three regimes are theoretically possible. These are the radial-jet regime where R ∼ t 1/2 , the constantvelocity regime where R ∼ t and the inertia-buoyancy regime where R ∼ t 3/4 . Thus, from (3.8), (3.9) and (3.6), and replacing M R by M ret , we get the following relations which may be used to predict the initial velocity of the spreading currents just as the flow begins to spread into the ambient:
However not all three regimes are necessarily present in a single experiment; the presence of a particular regime largely depends on the competing effects of the radial components of momentum and buoyancy in the flow (Chen (1980) , Kotsovinos (2000) ).
Case 2: two-layer surface-spreading
We consider the case where the return flow in the two-layer case returns to spread at the source as an axisymmetric current. In this case, there are two buoyancy fluxes involved in the system: the initial buoyancy flux, F o , and the buoyancy flux after the fountain penetrates the density interface, F i . At the level of the source, we require that the sum of these fluxes remain conserved in the fountain so that
Thus, we get the spreading velocity from equation (3.4) as
where z ss,2 is the steady-state height in the two-layer case. We assume that the velocity and momentum of the return flow at the level of the source are proportional to the corresponding velocity and momentum in the one-layer case where the ambient fluid is the first layer fluid. As such, if the initial radial momentum flux is substantial, then equations (3.12) and (3.13) may still be applied. By replacing M R with M ret , this argument results in the velocity relations for the radial-jet and constant-velocity regimes respectively as
(3.18)
Case 3: two-layer interfacial-spreading
Experiments on axisymmetric intrusions into two-layer ambients from a source of constant volume flux are limited in the literature. Lister & Kerr (1989) have considered the case of the spreading of highly viscous fluid into a two-layer environment. They employed both scaling analysis and lubrication theory to analyse their results. Timothy (1977) considered the general case of a stratified inflow into a stratified ambient and treated the two-layer case as a special circumstance. Most of his results were derived by extending the Bernoulli and hydrostatic equations for two-dimensional rectilinear flows to axisymmetric flows. We show in Appendix C that by balancing the horizontal driving buoyancy force and the retarding inertia force, for a buoyancy-driven flow, we obtain the relation for the radial velocity of the intrusion as
where ε = (ρ 2 −ρ s )/(ρ 2 −ρ 1 ). The reduced gravity of the intrusion in this case is modified by the parameter ε. Given that the density of the intrusion is equal to the density of the first layer fluid (ρ s = ρ 1 ), then the one-layer relation (3.7) is retrieved from (3.19).
To model the case of the intrusions, we consider the fountain beyond the interface as though it is a one-layer system with the source conditions replaced by the conditions at the interface (see figure 2b) . We therefore assume the conservation of buoyancy relation εg T Q T = F o + F i , and get the same proportionality relationship as in (3.16) although the proportionality constant is different:
In the presence of a substantial radial component of momentum, equations (3.12) and (3.13) may be applied with the initial source conditions replaced by the conditions at the interface. This gives the velocity formulas for the radial-jet and constant-velocity regimes respectively as
where M ret,i is the vertical momentum of the return flow at the interface and defined as
, where w ret,i is the velocity of the return flow at the interface.
EXPERIMENTAL SET-UP AND ANALYSES

Experimental set-up
Experiments are performed in an acrylic tank measuring 39.5 cm long by 39.5 cm wide by 39.5 cm high (see figure 3) . The experiments were conducted by injecting less dense fluid downward into more dense ambient fluid, however, the direction of motion is immaterial to the equations governing their dynamics since the fluid is considered to be Boussinesq. A control experiment was conducted in a one-layer homogeneous environment and 48 experiments were conducted in two-layer fluid. In all experiments, the total depth of fluid within the tank was H T = 38 cm. The tank was filled to a depth of H T − H with fluid of density ρ 2 , where H = 0 in the case of one-layer experiments and H = 5 cm or 10 cm in two-layer experiments. In two-layer experiments, a layer of water with density ρ 1 was added through a sponge float until the total depth was H T . The typical interface thickness between the two layers was 1 cm, sufficiently small to be considered negligible.
After the one or two-layer fluid in the tank was established, a constant-head reservoir of fresh water of density ρ o was dyed with a blue food colouring and then allowed to drain into the tank through a round nozzle of radius 0.2 cm. To ensure the flow turbulently leaves the nozzle, the nozzle was specially designed and fitted with a mesh having openings of extent 0.05 cm. The flow was assumed to leave at a uniform velocity across the diameter of the nozzle. The flow rates for the experiments were recorded using a flow meter connected to a plastic tubing, and by measuring the total volume released during an experiment. Flow rates ranged from 2.82 to 3.35 cm 3 /s. Experiments were recorded using a digital camera situated 250 cm from the front of the tank. The camera was situated at a level parallel to the mid-depth of the tank and the entire tank was in its field of view. A lighting apparatus was also placed about 10 cm behind the tank to illuminate the system.
Using "DigImage" software, the maximum penetration depth of the fountain, the quasi steady-state depth and the initial velocity, w o , were determined by taking vertical timeseries constructed from vertical slices through the nozzle. The temporal resolution was as small as 1/30 s and the spatial resolution was about 0.1 cm.
Horizontal time series were used to determine the velocity of the resulting spreading currents. They were taken at a position immediately below the nozzle. Most time series are symmetrical about the position of the nozzle and only one side is used for the calculation of the velocities. Asymmetry in the time series may arise due to instabilities in the flow causing the front of the fountain at the maximum depth to tilt to one side. These experiments were excluded from the analyses.
Qualitative results
We present in this section the qualitative results of the laboratory experiments before giving detailed analyses of them. The snapshots from the experiments are flipped upside down for conceptual convenience and for consistency with the theory. We will first describe the results of the one-layer experiment before proceeding to the two-layer case.
One-layer experiment
Figures 4a-d show snapshots of the one-layer experiment which were taken 1, 3, 5, and 8 seconds, respectively, after the experiment started. The density difference between the fountain and the ambient fluid was |ρ o − ρ 1 | = 0.0242 g/cm 3 and the initial velocity was w o = 24.3 cm/s. We observe the characteristic widening of the fountain as it entrains fluid from the surrounding homogeneous fluid. It reaches its maximum height at t ∼ 1 s (figure 4a), at which time the top of the fountain forms a pointed shape before collapsing back toward the source. The front then broadens and spreads outward as it returns downward forming a curtain around the incident upward flow (figure 4b). The interaction of the return flow with the main upflow inhibits the rise of fluid from the source and causes the fountain to settle at a quasi-steady state height which is moderately below the maximum height. When the return flow reaches the level of the source it begins to spread radially outward (figure 4c). The spreading layer then propagates radially away from the source (figure 4d). The experiment is stopped before the spreading layer reaches the side walls of the tank. Figure 5a shows the horizontal time series taken from this experiment, illustrating the spreading of the surface flow on both sides of the nozzle (situated at x = 0 cm). The parabolic nature of the time-series indicates the change in speed of the current as it moves away from the source. Figure 5b shows the vertical time series taken for this experiment, and illustrates the positions of the maximum height, z max , and the steady-state height, z ss . The value of the ratio z ss /z max was found to be 0.74 for this experiment, comparable to the average value of 0.7 obtained by Turner (1966) in his experiments. The height of the spreading layer was observed to be almost constant as it spreads into the ambient (not shown), and was observed to be proportional to z max (Baines et al. (1990) ).
Two-layer experiments
In the presence of a two-layer ambient, the return flow of a fountain may go back to the level of the source or it may mix sufficiently with the second layer so that it goes back to the interface. In some circumstances it may do both. Here only snapshots for a situation leading to interfacial intrusions are shown.
Figures 6a-e show snapshots taken of a two-layer experiment 2, 5, 10, 20 and 25 seconds after the experiment was started. In this experiment, the density difference between the fountain and the ambient fluid at the source was |ρ o − ρ 1 | = 0.001 g/cm 3 . The density difference between the two layers was |ρ 1 − ρ 2 | = 0.0012 g/cm 3 . The initial velocity was w o = 23.9 cm/s and H = 5 cm. When the experiment begins, the fountain again increases in width as it entrains fluid from the surrounding ambient. It impinges upon the interface at z = 5 cm and penetrates through without noticeable change in structure (figure 6a).
After reaching the maximum height, the front of the fountain starts to broaden as more fluid is supplied from the source (figure 6b). It then returns downward, due to its buoyancy excess, and collapses around the incident flow, similar to its behaviour in the one-layer case.
In this circumstance, however, the return flow gets trapped at the interface and does not return to the source (figure 6c). At first the return flow overshoots the height of the interface around the axis of the fountain before rising back to spread radially along the interface. The degree of overshoot is more or less pronounced, depending upon the experimental conditions. The process continues in a quasi-steady state (figure 6d). The spreading layer is observed to be thicker around the axis of the fountain and gradually reduces in thickness away from the axis (figure 6e).
Horizontal and vertical time series from this experiment are shown in figures 7a and 7b respectively. The former shows an intrusion moving with almost radial speed toward the side walls of the tank. The time series is also observed to be symmetric about the source (situated at x = 0 cm). The measured positions of the maximum and steady-state heights are indicated on the vertical time series. Compared to the one-layer case, the average steady-state height is almost equal to the maximum height. This occurs because the return flow of the fountain penetrates little beyond the interface and so there is less interaction between the return flow and the incident flow. 
QUANTITATIVE ANALYSES
In this section, we quantitatively analyse the experimental results and compare them with theoretical predictions. The main aim is to characterize the various regimes of flow, to quantify the maximum penetration height in the two-layer ambient flow and to analyse the radial velocity of the resulting axisymmetric currents and intrusions. 
Regime Characterization
The three regimes of flow observed in the experiments: in regime S, the return flow penetrates the interface but returns vertically to the source; in regime I, the return flow intrudes at the interface; in regime B, a combination of both occurs. Figure 8 shows a plot of the relative density differences θ = (ρ 2 − ρ 1 )/(ρ 2 − ρ o ) against the relative maximum height z max /H. If θ 0.15, figure 8 shows that intrusions form if z max 2H. In which case the return flow entrains substantially less dense fluid from beyond the interface, greatly reducing its buoyancy excess.
If θ 0.15, the return flow reaches the source independent of the relative maximum height. In this case the return flow entrains less dense fluid from beyond the interface but the buoyancy excess of the fountain is not substantially reduced. Likewise if z max 2H the return flow always reaches the source because it is not sufficiently diluted by the ambient beyond the interface.
There were two experiments which resulted in regime B. They occurred for experiments with z max ≈ 2H. In these cases, the outer part of the return flow entrains more of the less dense fluid from beyond the interface than the inner part. The lighter outer part then begins to spread radially at the interface while the heavier inner part continues to fall to the source. The amount of fluid that intrudes at the interface may sometimes be smaller than the fluid that continues to the source.
The empirical function used to separate the intrusion and source outflow regimes is given by
This is plotted as the dashed line in figure 8. Figure 9a plots the experimentally measured values of z max,2 and compares them with the theoretical prediction given by equation (2.9). There is good agreement in the data with a correlation of about 96%. The results also compare well with the theoretical prediction of Abraham (1963) (see equation (2.10)). Figure 9b plots the ratio z ss,2 /z max,2 against the source Froude number Fr o . If θ < 0.15, the average value of the ratio was found to be 0.74, which is comparable to the one-layer case. For the experiments with θ > 0.15 and z max > 2H in which case the return flow intruded on the interface, the average value was 0.88. This occurs because the return flow penetrates little beyond the interface and so there is less interaction between the return and incident flows. If θ > 0.15 and z max < 2H, the average value was found to be 0.80, in this case the fountain penetrated little into the second layer and the steady-state height was found to be closer to the maximum height.
Maximum height
Radial source and intrusion speeds
We measured the initial velocity of the radially spreading currents by taking the slope near x ≈ R f of horizontal time series as shown, for example, in figure 10. Measurements of the time and distance from the horizontal time series determined how the position of the front scales with time near x = R f . Figure 11 shows some typical log-log plots of distance against time used to determine the scaling relationship. The experiments showed steady state (R ∼ t) and inertia-buoyancy (R ∼ t 3/4 ) regimes in the flow.
To gain a better understanding of the starting flow regimes, we defined a critical Froude number to characterize the competing effects of momentum and buoyancy in the return flow at the point of entry of the current into the ambient. In the case of the flows that returned to the source, the Froude number is defined by
where g ret = (F o + F i )/Q T is the reduced gravity of the return flow at the level of the source. In the case of the interfacial flows, the Froude number is similarly defined by
where g reti is the reduced gravity of the return flow at the interface. flow before rising back to spread along the interface. The velocity data that was used to determine the experimental constants in the theory does not include those experiments.
Source-spreading speeds
Figures 13a and 13b plots the measured speeds of the radially propagating currents at the source compared with the theoretical estimates of equations (3.16) and (3.18). We see that there is fairly good agreement between the theory and the measurement. The theoretical equations for these two regimes then become v t≈tMF = (4.10 ± 0.14)
and v t>>tMF = (0.84 ± 0.14)
The regimes of flow in this case are the constant-velocity regime (R ∼ t α with α = 1.0 ± 0.10) and the inertia-buoyancy regime (α = 0.75 ± 0.04). Figure 14 plots the measured intrusion speeds against the theoretical estimates of equations (3.20) and (3.22). The theoretical equations for these two regimes then become The regimes of flow in this case are the constant-velocity regime (α = 1.0 ± 0.09) and the inertia-buoyancy regime (α = 0.75 ± 0.07).
Intrusion speeds
We observe that the proportionality constants in the interfacial intrusions are much smaller than the constants in the source-spreading case. This is probably caused by higher retarding forces exerted by the two fluid layers on the interfacial currents unlike the currents at the source which propagate on the interface between air and liquid and therefore experienced a much smaller resisting force from the ambient. 
Summary and conclusions
We have classified the regimes of flow that result when the return flow of an axisymmetric turbulent fountain is discharged into a two-layer ambient. The classification was done using the empirically determined parameter, θ = (ρ 2 − ρ 1 )/(ρ 2 − ρ o ), and the relative maximum height, z max /H. The results show that if z max 2H, the return flow will go back to the source irrespective of the value of θ. However, if z max 2H, the return flow will collapse and spread radially at the interface if θ 0.15.
We found good agreement between theory and experiment for the maximum vertical penetration height. In the case of flows which returned to the source, the ratio of the quasi-steady state height to the maximum height, z ss,2 /z max,2 , was found to depend on whether the return flow went back to the source or collapsed at the interface. The ratio is closer to unity (z ss,2 /z max,2 ≈ 1.0) for intrusions because the return flow does not retard the incident flow in the ambient near the source.
Radial currents that result from the return flow of a fountain spreading at the source or interface either at constant-velocity (being driven by both the radial components of momentum and buoyancy) or spreading as R ∼ t 3/4 (being driven by buoyancy forces alone). These regimes are distinguished by a critical Froude number Fr s ≈ 0.25 or Fr i ≈ 0.4.
In the future, we wish to extend the ideas developed in this study to the case of the dispersion of pollutants from flares which disperse in the presence of an atmospheric inversion. The entrainment constant isα = 0.085 for fountains (Bloomfield & Kerr (2000) ) and λ = 1 for top-hat profiles. 
